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RADC TRINIDAD TEST SITE
QUJARTERLY TECHNICAL NCOTE
VCOLUME IV
A STUDY OF IONOSFHERIC AND LUNAR CHARACZTERISTICS
B1 RADAR TECHNIQUES

I INTRODUCT ION
A. GENERAL

The ¥irst radio ra=flections from ine moen, using conventicnal radar

techniques, were reccrded &l & freguenéy of 111.5 megacysles at moonrise and

1
moonset by the U«S. Army Sigral Corps A more eomplete deseription of the

n)

Signal Dorps resultes arse desgrived by DaWitt snd Stedals AT e ol cbtalnl the
required sensitivity, a receiver bandwidth of about 50 cps, transmitter pulse
length of C. .25 second and a transmitter peak power of thr2e kilcwatts were used.
The experimental results showed that tne returned echo amplitude was often times
less than tiie theovetlicmlly computed one and, on occasions, could not be

deboc el In afdition, the signal amplitude uniar went unaxpeciefdl Tluctustions
having perigde cf Seweral minufe® whilch ¥ere attributed teo ancmalous ignospheric

refraction

At approximaitely the sams tlme nus the Slignal Corps observatlons, Bay

been made with the moon &t a frequency cf

£

y
b
s

also reporied tAat rader forttacs h

120 megacycles These measurements® indicatsd a pocwer reflection coefficient, for

the moon's surface, of the arder of 0,1

Kerr, Shklm and Higelnd of Aufiralie performed the mocn reflection
3

experiment at &li5 megasycle:sd, during moonrise and moonset, malnly tc study the
i &

characteristics of low Bngle propmgatimn through the lonosphere oISl records5
indicated a rather sliow amplitude fluctuaticn rate which slisc was attribtuted to
ioncspheric refraction phenosiena. The rapid amplituds fluctuatlons naving
periods of a few secanis Were explained by assuming that ths moon's surface
consisted of miny random ®eelterers ip relstive motion, brougnt about by the moon
libration. This phencmencn, tog®ther withh the evidence that the received pulse
was stretched oul several +%im2s the length of the (one=millisecond) %transmitted

pulse, showed that the meon was a "rough" refiector at their freguency



The first successful transmissions at UHF using the moon as a relay
station were accomplished by Sulzer, Montgomery and Gerka.6 CW radio signals at
a frequency of 418 megacycles were relayed from Cedar Rapids, lowa to Sterling,
Virginia. It was found that the signal was subject to severe fading, 1its
amplitude varying from the receiver noise level to occasiocnsl neaks as high as

10 db above the noise.

7

Measurements of radar-lunar echoes by Evans at 120 megacycles, by
Trexler8 at 198 megacycles and by Yaplee, Bruton, Craig and Roman9 at 2860
megacycles revealed that radar reflection takes place within a small area at the
center of the moon's surface, the radius of which is approximately one-third the
radius of the moon. These results confirmed that the moon appeared to be a

quasi-smooth reflector at radio wave fregquencies.

The characteristics of lunar echoes such as libration fading of the order
of two to three cps and pulse lengthening to approximately one lunar radius have
recently been noted by investigators operating in the 400 to LLO-mc frequency
range.lo’ i The latter phenomenon indicated the possibility that the rear

portion of the moon behaved as a rough scatterer

The employment of radar techniques to reflect signals off the moon's
surface for studing the characteristics of the ionosphere by means of the
Faraday effect was first reported by Browne12 ancd Evans.l3’ 14 Their eqguipment
consisted of & 10-kw peak power tiransmitter, operating with a 30-millisecond
pulse length and a pulse repetition frequency of 0.6 pulses per second, and an
antenna whose size was approximately 250 square meters. The degree of rapid
echo amplitude fading was found to be due to the moon's libration and was a
function of tne position of the moor in 1ts orbit. By comparing the slow signal
amplitude fading on two close spaced frequencies, 120.0 megacycles % 0.6 per
cent, which was due to the rotation of the plane of polarization by the

13, 1k

ionosphere, Evans was able to deduce the ionospheric electron content during

periods when the moon crossed the meridian at Manchester, England.

Bauer and DanielslS performed similar measurements at a frequency of
151.11 megacycles employing & bistatic radar system operating between RBelmar,

New Jersey and Urbana, Illinoils The absolute values of the total electron



content were evaluated from these measurements

The lunar observations of Hill and Dyce]'6 at Menlo Park, California on
106.1 magacyzles, however, did rot permit an accurate determination of the
electron content because of the ambiguity in resolving the numbter of polarization
rotations of thzs wave

B. STATEMENT OF PROBLEM

The analytical results of tne radar-lunar measurements conducted at the
U.S. Air Force Trinidad Test Site, WIF, (107.7° N, 61.6° W) during the period
between January and July 1960 ar= herein reported The objectives of the
experimental prcgram were to determine {1, the diurnal and also seasonal
variation of the electron content in the lonosphere (2) the reflectivity

characteristics of the mc..:'s surface

Transmizsions were made at a frequency of approximately 425 megacycles
utilizing linear (horizonial) polarization while the reflected lunar signals

were simultaneously received on bcth the trancmitted and ortnogonal polarizations.

Th= mcon was automatically tracked from moonrise 4o mocnset on twc of
the experimental measurements while partial lunar grtits were observed on four
other cccasions The date of obtservation of one of the partial lunar orbits
correspcended to the time when thie moon was at i1its maximum southern declination.
The remaining five observaticns were conducted during the time when the moon

was at its meximum northern deglinaticn



I1. THE DETERMINATION OF THE ELECTRON CONTENT IN THE IONOSPHERE

A. INTRODUCTION

Prior to the advent of rockets, space vehicles and high-powered radars,
the determination of the characteristies of the ionosphere such as the distribution
of electron density with height and the electron content was accomplished by vertieal
incidence pulse sounders and radio star methods.17 With the availability of these
new techniques, the state of knowledge of the structure and compousition of the

ionosphere has been greatly enhanced.

Electron density profiles above the maximum ionization of the F-layer are

8, 1 20
readily obtainable from radio wave transmissions emanating from rocketsl » 19, ’
Bl e : L 2 6
— ’ and satellitesa3’ - from r-f probe-satellite measurements 2y 2 and by

27, 28, 29

means of incoherent scattering of redio weves by free electrons.
L . . . 30,21
Radio signals from satellites undergoing doppler frequency changes,

:31 2“’) 3L

and Faraday rotation effects can be analyzed to yield the electron content

irn the ionosphere. In addition, the icncspheric electron eontent can also be deduced

L
from radar reflections from the moor which display Faraday rotation fades.l3’l »15

16, 33
In this section, the theory of analysis of radar-lunar amplitude data for

determining the electron content in the intervening medium is briefly discussed.
B. FARADAY RPOTATION

When a linearly polarized electromagnetie wave is propagated through an
ionized medium immersed in a magnetic field, the plane of polarization undergces a
rotation. This phenomenon ecmmonly referred to as the Faradey effect is known to

take place for radio waves traversing the ionosphere.

It can be shown (see Appendix A, that the amount of rotation experienced
by a linearly pclarized wave traversing a two-way path in the ionosphere can be

represented by the function

5.7233 x 10" N2
g2 J f(h) H cos & N dh (1)
s h

¢ |

I



where @ is the rotation in radians, fo is the transmission frequency in cps, H is
the magnetic field intensity in gauss, N is the electron density in electrons per
cubic centimeter, dh is the height differential in centimeters, and 6 is the pro-
pagation angle, i.e., the angle between the direction of the earth's magnetic lines

of force and the direction of electromagnetic propagation.

The function, f(h), which is basically the secant of the angle between
the ray path and the zenith, is given by

r +h
f(h) = e 1/2 (2)

[(ro * h)2 - (ro Cos E)E}

where Ty is the radius of the earth and E is the elevation angle of the antenna

beam.

Equation (1) is representative of the quasi-longitudinal mode of propagation.

For frequencies in the L25-mc range, this relationship is valid for 0° < € < Bleess

1t should be noted that, for transmissions to the moon, the total angular

rotation, @, is ambigous in that
g = nn + AF (3)

Jhere n 1s a positive integer. The parameter, AJ, is the acute polarization angle

normally indicated in a radar-lunar measurement and is defined by

- 1 =

M=Tan-l'-A—;J (4)
where Ao and AT are the amplitudes of the signals received on the orthogonal and

transmitted polarization channels, respectively.

One method for resolving the ambiguity of the complete number of polar-
ization rotations is to employ two closely spaced frequencies. From the lunar-
echo amplitude fading patterns recorded at the two frequencies it is possible to
infEn the elictron content in the ionosphere. This technique was employed by
Le, L

Evans.



Since only one frequency was available in the Trinidad radar-lunar
experiment, it was necessary to consider various methods for resoclving the
ambiguity problem. It was shown in a preliminary analysis of the experimental
data that it was possible, by a process of elimination, to arrive at a somewhat
reasonable solution to the polarization ambiguousness 33 This was based on the
correlation of the ionospheric electron content, deduced from the radar-lunar
amplitude data, with the electron content up to the F-layer maximum derived from
vertical incidence icnospheric soundings.

The analysis of the data presented in this study he&s been modified to
some extent from the earlier published results.33 That is, instead of
indirectly arriving at a solution to the ambiguity problem by a process of
elimination, theoretical estimates are made ol the expected angular rotation
along various earth-moon paths. These data, in turn, are compared with the
experimental observations. The measured angluar rotation &s defined by Equation
(3) which best correlates with the theoretical calculation is then selected for

the parameter to be used in evaluating the electron content along the ray path.

For all lunar orbits traversing paths north of Trinidad, i.e., moonrise
occurring at an azimuth angle less than 90 degrees and moonset at an azimuth
angle greater than 270 degrees, the electron density profiles evaluated from
vertical incidence ionospheric sweep freguency soundings recorded at thne
National Bureau of Staadards' Puerto Rico station were employed in the computation
of the theoretical Faraday rotation. The electron densities deduced from the
National Bureau of Standarcds ionospheric sounder station, Bogota, Colombia, were
used in the analysis of the lunar southerly orbital path, i.e., moonrise occuring
at an azimuth angle greater than 90 degrees and moonset at an azimuth angie less
than 270 degrees. The loci of points of the lunar ortits, as preojected on the

earth's surface from 100-}m and 500-km altitudes, are illustrated in Figure 1.

The virtual height versus freguency records of the Puerto Rico ionospheric
sounder were converted into true height versus electron density profiles by
means of the Budden matrix technique3h, the coefficients of the matrix being
furnished by E.R. Schmerling of the Ionosphere Research laborabory, the

Pennsylvania State University. The ionosonde data recorded at Bogota were
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reduced to true height-electron density profiles by J.W. Wright o the Central

Radio Propagation Laboratory, National Bureau of Standards.

Since sweep frequency sounders are capable of only yielding the
characteristics of the ionosphere up to the height of maximum ionization of the
F-layer, it was necessary to postulate a model above this region for the Faraday
calculations. As a first approximation, it was assumed that, above the F-layer
maximum, the distribution of electron density with height (under equilibrium conditions

followed a Chapman model expressed by the function

PR, e1/2[1 -z-e'Z] (5)

m -

where Nm is the electron density at the level of maximum ionization and Z is the

normalized height.

The normalized height is given by

h - hm
§ 3 Bt (6)
Hl
where hm is the height of maximum ionization. The scale height, H', which is the
height of the homogeneous atmosrhere at a given temperature, is defined by
H! KT (7)

- mg -16
where K is Boltzmann's constant (1.38 x 10 erg/degree Kelvin); T, the
temperature in degrees Kelvin; m, the mean molecular mass of air (4.8 x 10723 gmn);

and g, the gravitational constant (980.2 cm/secz).

It should be noted that the scale height associated with the Chapman
expression, Equation (5), is that of the neutral particles. 1In this study, a
constant scale height of 80 kilometers wes assumed for all the electron density

distributions above the F region.

According to Equation (1), the magnitude of the angular rotation
encountered by a linear polerized wave transmitted through the ionsophere is
proportional to H Cos 6 where H is the magnetic field intensity and 6 is the
propagation angle.



It can be shown 35that

6 = Cos"l [ - Cos ¢ Sin 1 - Sine Cos I Cos ( ¥ - D) } (8)

where I and D are the magnetic inclination and declination angles, respectively.
These parameters specify the direction of the total magnetic intensity vector in

space.

The angle, 7, is the geographic azimuth bearing of the observer's
location measured with respect to the subionospheric point, i.e., the location
on the earth's surtface directly underneatnh the particular point in space. The

angle, e, is simply given by

L o c‘ ;

e = Sin [ - Cos E‘.J (9)
Q

where h is the height of the point in space above the earth's surface; ry and E

are previously defined in Equation (2).

The calculations of H and 9, as reported in the preliminary results of
the Trinidad data33, were based on the assumption that the earth's magnetic field
may be approximated by a centered magnetic dipole having a geomagnetic pole at
78.6° Wand 70-1° W.

The technique employed in evaluating H and 6 in this report is as
follows: +the parameters, H, I and D have teen scaled in 2.5-degree and 5.0-degree
latitude and longitude steps over the whole earth's surface from isomagnetic maps
issued by the U.S. Navy Hydrographic Office and the Canadian Department of Mines
ana Technical Surveys. The ground-observed magnetic data, scaled from these maps,
are stored in matrix form in an IBM-T7090 digital computer. Linear interpolation
is used for obtaining The valiues of the magnetic Field elements at other

geographic locations.

When traversing a path in the ionosphere, the angles I and D at the
subionospheric point are assumed to be invariant at all heights. The magnetic
field intensity at the point in space, on the other hand, is derived from the

surface value which is assumed to decrease inversely as the cube of the distance



i

from the earth's center

It is believed that this method for determining H and 6 is far more
accurate than that obtained by assuming @ dipole model for the earth's magnetic
f1eld. The evaluation of the magnetic field elements based on spherical

36,37

harmonic expanSLOnJ 1s another method which could be employed. However,

utilization of such a sophisticated technique is believed not warranted in the

Faraday rotaticn problem.

C. ELECTRON CONTENT DETERMINATION BY RADAR-LUNAR TECHNIQUE

Once the ambiguity of the total number of rotations defined by Equation

(3) 1s resolved, 1t is then readily possible to determine the total electron

content in the i1onosphere.

h
b m
01 2 2] A
§ o —ofeiax 10 [f(h)H Cos 8 ¥ &b  + (10)
T, L
(o] (o]
D= —a = a1 o o]
i i
f(h) H Ccs 0 [ ¥ dn
- =h Jl}

m

where hr is the heignt of the F-layer maximum and
i 00

[f(n) H Cos 6 }
I

m

is the average value of the function, f(1)H Cos 6, between the limits of th

neight of the F-layer maximum and the distance to the moon. As a first

approximaticn, it is valid to asswume that

[f(h) H Cos 6 ]‘ @ [ () X Tes @ }

‘hm h

or transmissicns to the moon, Equation (1) can be modified to the form.

10



since the contribution of the integrated electron density to the angular rotation

of the wave is considered to be negligible above & height of 100G km.38

The valve of £(h) H Cos 6 as viewed from Trinidad is plotted as a
function of height in Figure 2 for various azimuth-elevation orientations of the
northern and southern lunar orbits. It is evident that, at low angles of
elevation, the function can vary over guite a wide range. As the elevation angle
is decreased, there is a noticeable reduction in the spread of its value as a

function of height.

Because of the extreme variation in magnitude at low elevation angles,
1t is necessary to retain f(h)i{ Cos 9 within the integral up to the F-layer
maximum height. Above this height, the function can be approximated by an
average value taken vetween the F-layer maximum and the 1000 ¥m height limits.

he olectron content above the F-leyer maximum can be expressed in terms
of' the electron content below the F-layer maximum by the constant K where

¥
{

N x

| z:m:x/::m (12)
n

(@]

»:
m

»

7%,
-

Lccording to Wisbet and Mysbet and Bowhillee, a description of

the ionosphere in terms of the constant X is not ideal since the electron
rontent below the F-layer maximum, determined from ionograms may be in error due
to an underestimation of 20 to L0 ¥m of the true height of the F-layer maximum.
Tnc existence of this error which is prevalent during the night was disclosed
from rocket measurements. The daytine otservations of electron density profiles
by liisbet were in good agreement with those obtained from the true - height

sceling of lonograms.

&0
In concurrence with Evars and Taylor , the use of the ratio K will be
maintained in this study because of the lack af a substitute parameter to

describe the variations of electron content in the ionosphere.

1
Ross3 has proposed that the simplest parameter that can be readily

determined for describing electron content measurements is the equivalent slab

11,
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thickness of the total jfonosphere, 1, given by

h e
R ] i
- .-] i 1h+J N dn (13)
m
(o] fi
mn
where B_ 1s the mexfuum electron density ofthe F-layer. The first integral is

the electron content below the peak of the F-layer evalieted from vertical
incidenc» saunders while the second is the electron content deduced from
Faraday rotation meedurements (Equation (10)). It should be noted that 1 is

essentially the equivalen® slab thickness of the F-layer.

4]
Wright  has shown thet, Af the electron density distributien in the

fono P Qf the Chegpssn Yoz, the tobal integreted electron centent can then
be &y geg Ly
o)
( Yutue [ wan (LL)
(&

This relationshlp can be used to calculeie the scale height, H', from tI

experimentel dete.

It is seen from Equations (13) and (14) that, for an assumed Chapman

destribution of electrons, the equivalent slab thickness is simply related to the

stele height bty a constent factor cf #.133.
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111 THE CHARACTEKISTICS OF RADIO WAVES REFLECIED FROM THE MOON

A INTRODUCTION

The characrteristics of the moon us a radar target are determined almost
entirely by the surface structure of the moon. Although large scale
irregnlarities such as mountains and valleys are known to exist from cptical
shaervaticna, ih& #mall ascale lrregularitied having siimensions of the order of

+

e whavelsnash sreaily Influentm she refileciicnl of radio waves from its surface.

In addi1tion o surface roughress, the relative velocity of the moon with
respect to the mmrul end litar lLlbrafiion arc -‘®lsd Important factors which

contribute to the charucteristics of the resultant echo. The results of such

i)
F4

fects mre evidani by variaiions in pulSe amplitude fading, pulse broadening, and

depplet® firequeray Shlag.

In this section, reflection laws governing the scattering of radiation
from various surfaces as determined by optical means are applied to radio signals
reflected by the moon The probability distribution of the amplitude of radar-
lurar echoes and the doppler freguency spread due to the moon's libration are also

briefly discussed
B: [AMAR REFLECTION LAWNS

According tco tlie radar equation, the power returned from a target, which
ralletol rediation lsotroploallyy 1s glven by, for a monostatie system,
P €717 6
- (15)

+

}

L5 o l) 134

whare P 18 the regelived power; P, , the transmitted peak power; G, the gain of the

antefina relative fe ‘an 1s0tropi¢ exnierna; R, the radar-targe® range; A\, the

trensmission wavelength; and, g; the fTarget cross Sectional area

Fer an i1dealized spherical target whose dimensions are large campared
with wavelength and whose sirface 1s smooth and perfectiy reflecting, its

crosé Section 18 merely the fecmeiril prajected area given by

14
g

1h



where r is the radius of the spnere.

When the target is not a totally reflecting body, the cross section is

modified to
=& E B (17)
where p is the power reflectlon coefficient of the surface.

It 1s evident from the Fresnel diffraction theory that the amplitude of
a spherical wave returned from a smooth body is equal to one-half that due to
the first Fresnel zone acting alcne. This applies to an aperture with an infinite
number of zones. Since the first Fresnel zone has a radius of (R k/2)l/2, i
the case of the moon (if it were a smooth body), only a small portion of the
moon's surface would contribute to the received reflected energy. The first
Fresnel zone occupies a portion of the moon nearest to the observer so that a
pulse reflected from the moon would not be extended by reflections from the rear
portions of the moon. In general, i1t can be stated that a pulsed electromagnetic

wave incident on & smooth sphere is refle:ted without any distortion, i.e., pulse

width of the reflected wave is identical tc that of the incident wave.
With regard to a spherical target whose surface is comparatively rough,
the equivalent echoing area, oL is given by
2
c.=nrpgq (18)

where q is the directivity of the target. The magnitude of the directivity

factor is dependent upon the scattering law applicable to the rough surface.

Although the radiation is scattered in all directions, there is a greater
increase in the amount of energy scattered back in the echoing direction for a

rough sphere than for a smooth sphere of _he same geometric size.

The two scattering laws considered in this report are the Lambert and

the Lommel-Seeliger law.

15



The Lambert law, which applies to the scattering from a diffuse
surfaee having irregularities on the order of a wavelength, states that the
scattered energy in any direetion is proportional to the cosine of the angle
between the ineident ray and the normal to the surface and to the cosine of the

angle between the scattered ray and the normal.

In applying the Lambert law to the seattering from a rough sphere, it
is shown in Appendix B that, for an iacident pulse of finite length, the received
reflected pover at any instant of time is merely the sum of all the energy
contributions from a finite band around the sphere. The received power, assuming
reflection back in the direction of the radiating source, can be represented by

the function

8 2EN2 62

PtG A cs ! 5
u/ Sin 0 Cos“ 6 4@ (19)

4

§ (b)) R

where 6 is the angle measured from the radial line passing through the point of
tangeney containing the incident wave froat and the sphere. The limits of

integration are, for the condition ¢ > 7

B r - J%— ( t-T)

6, = Cos [ } (20)
i
and

= _ ct 1

9 =Cos t [ - J (e1)
2
%

where T is the pulse width and t is the travel time of the leading edge of the
pulse along the moon's surface measured from the point of tangency. Vhen

T>t, 6, = 0 while 92 remains unehanged.

1S

It is evident from Equations (15) and (19) that, for a pulse width
greater than 11.6 milliseconds, i.e., time required to travel a distance of twice
the radius of the moon, the signal power received from a rough-surfaced moon,

1
obeying Lambert's law, would be 8,3 times greater than that from a smooth moon.42

16



In other word tne direcsivity Yactor, described in Equation (1©), for the

Lambery ¢os2, 1g 20wl fc ©/9.

The Tommel-Seeliger law refers to scattering teking place from a rough
Lr e amving irregulerities thas are large compared with wavelength. The
energy scnuteren from Rrll regions o the swriaecs 18 tne smme. Thus, when
cansidering radio wave raflection from such a surface, the received power is only
proportlionel 1o the cosine af the angle bgtween the incident ray and the normal

& T P Mo apie

AE showr 1n Anperndiy @, the recsived power can then be expressed by

- I" \-:. b < A
ok - / 3in 6 Cos O @ (22)
(42 ) R i

Tt follews, therefore, shet for pidse lengths greater than 11.6

milliseconds, wwviee the power 1s refeived from & moon, epproximating Lommel-

SenL1pnTY 2t Mg -Lhen Irom | Sadts mDon.

Wita remesyi 3o Ghe effact of Bcartering from a rough surface on the
plise ahamd it - LLL poriions WL @ Mmgh body contribute te she total
rellaooed 2lgnel, e refuined eehc wollll be extendaet ¥n length, i.e., the pulse

lengihening boing #yual e the time 1t takes the wave to travel from the nearest
surfece 0 the 1lmb and then back &galn B0 the surface. Since the radic-depth
e moor s 1L .b'milliSecdnds, a phles of Jlength, T, incident on & rough

=

motn . would Be olongated to a4 length, T + 11.5 milliseconds, after reflection.
STATIGTICAL DISTRIBUTIOR OF THE AMPLITUDE OF LUMNAR ECHOES

i. Rendom Feting

Me rapi¢ fluvpuagions of ratar pulses reflected from the moon's
firface &re Usually attributed o %ha lioration which is defined as the
Llratary wotlon of the mood sbout Bn axie which itself chianges with time. There

ETe phree principle 2auses af Libration Ly

bt

ierekicon irn letituae; Thils

réesulity from e TAcY thel the exis @f rotetion of the moon l& tilted about

l"l



0.5 degrees t¢ the plane of revelution Thus, from a fixed position on the
earth varying amounts of the moon's northern hemisphere and southern hemisphere
are visible; (2) libration in longitude; this is due to the fact that the
periocd of rotarion of the moon is constant, but the speed alorg the orbit varies
in accorcence with Kepler's sacond law fer planets; (3) diurnal libration; this
is Whe restificf Hlhig nefaflior of fhe cartill. As Thé earth notsrfes, chelpositilon

of the moon relative tc an observer on the earth is continually changing.

The offegy af the moon's libration on the reflected signal can be
lained By essuming thet the moon's Eurfece consists of a random number of
scatterers. The amplitude of the reflected pulse, as observed on the earth's
surfaze; 18 the resultant of the signals reflected from each of the scattering
elements. Sinie the moon undergoes an apparent rocking mction,or libration,
the algnels stattered from various parts of I%s surface are continucusly
indergoing random changes in phase and amplitude which, in turn, produce

o 3
4

lugtuegd ops in the reswliant signal.

Fox euriacd irregularities which scatter incident radiation with random
vhagas pnd amplitudes, the probability of occurrence ¢f any resultant signal is
therafore given by the Rayleigh probebility distribution law. The concept of the
Reylseigh distrimrtion 1m maintained provided that the number of scattering

arand VB LETgR,. D € el keasTion uhe orderitol ONGY greaihen.

The probability, P(R) dR, of finding an amplitude between R and (R + GR)

g therelore given by

(S5

P{R)AE = e g 17 (23)

where R

P

& the amplltude of the resultant scattered signal at eny instant of time

and ¥ I8 & eonaRant defined dn terms: of the first or second: moments of R by

- SX M (2k)

Qr

= 2y (B5)
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It can be readily shown that ¥ can also be expressed by

1/2
R, = () (26)
where Rn is the most probable value of R, i.e., the value of R when P(R) is a

maximum.

It should be noted that the dist.-ibution of the amplitude of random
L3

noise emerging from a bandpass filter, as discussed by Rice‘ , follows the

Rayleigh law.

2. Random Fading Contaminated with a Steady Signal

The condition in which a steady signal is superimposed on a signal
which is the resultant of elementary contributicns originating from random
scattering areas is of considerable interest since it approximates a possible

situation prevailing in the lunar reflection of radio waves.

The steady signal corresponds to a specularly reflected wave caming
from the first Fresnel zone or from a relatively small number of smooth surface
areas in the region of the first Fresnel zone. The random signal is caused by the
lunar libration or by random surface irregularities. If the number of smooth
surface areas becomes very large, it is possible for the signals reflected by
these areas to undergo cancellation and reinforcement. Thus, instead of specular

reflection taking place, a random typre noise could result.

The probability density distribution function that describes the

envelope of recultant signal can be written as, according to Rice's theory

4
of random noise 3,
2] >
bk -
Vi - — v
7). e B § = (27)

/
A

wnere B 1s the amplitude of the steady signal; V, the envelope of the resultant
amplitude comprised of the steady signal (B) and the random signal (R); v,
constant defined by Equations (2k), (25), or (26).

The parameter, IO(VB/U), is the modified Bessel function of the first

19



kind of zero order, given by

[o-]

z = ) 7 (28)

n=0

1<)

n

During B = b4/¥, it follows that, when b=0, Equation (27)
simplifies to the Rayleigh distribution law.

When b>3, the Bessel function can be replaced by its asymptotic

expression

bV VY /2 _ bV
o(vv ) = ey e (29)

and then Equation (27) simplifies to

1 Vv ‘]_/2 (Vv - bN)2

Ty )T T TTw (30)

It is evident that, apart from the term (V/b {@)1/2, this distribution is
Gaussian with a standard deviation of -%. When b is equal to or larger than two,

the presence of a steady signal is indicated.

When applying Equation (27) to experimental data, it is necessary to
obtain the value of ¥. If the data to be analyzed is in amplitude form,
containing both steady and random signals, then according to Equation (24),

y may be approximeted by

=2
Vo= —%— v (50 )

It follows from Fquation (25) that if the data is in the form of

cross section, o, or power,

g

¥ o=

no

(32)
It should be mentioned that the validity of the approximations for

ot taining ¢ from experimental date, Equations (31) and (32), is improved for

20



In applving the theory of random noise to the study of the
characteristics of the lunar surface, it would appear that, if the moon were
completely smooth, b would be on the order of three or greater and if it were a
rough body, b would most likely be zero. Assuming that the moon contained both
rough and smooth regions, it could be expected that b would lie between zero and
three. However, it should be mentioned that, for this particular situation, it

would be difficult to determine the extent of the actual smooth and rough areas.

Specular reflection can contribute to the resultant signal when the
surface normal is in the direction of the oboervation site; such areas are most
likely contained on & cap of the moon clcsest to the earth. The specular
returns can be highly perturbed either by rough scattering areas located in the
near vicinity of smooth regions or by the presence of a large number of isolated

smooth swrfaces.

Another factor which must be considered in the analysis of lunar
amplitude data is the time interval over which the probability distribution is
applied. Since the lunar libration affects the reflected signal amplitude, the
time over which any statistical analysis is applied should be small compared to

-the time variation of the libration rate.

In short, an evaluation of the probability density distribution of
lunar echo amplitudes may not result in a true indication of the surface
characteristics of the moon. Other factors such as pulse lengthening and the
characteristics of the amplitude decay of the lengthened pulse should be examined

concurrently.
D. DOPPLER EFFECTS OF LUNAR ECHOES

Radio waves reflected from the moon are found to exhibit both a

doppler shift and a doppler spread in the transmission frequency.

The doppler shift is brought about by the fact that the orbit of the moon
around the earth is elliptical. Thus, there is a component of the moon's orbital

velocity directed toward the center of the earth. Since the earth is also

2l



rotating, there is an additional velocity component along the earth-moon
line-of-sight, its magnitude being a function of the latitude of the observation
site and the moon's position on the celestial sphere. The resultant of these two

velocity components produces the frequency shift in the reflected echo.

For a monostatic system, the dopnler shift imposed on a radar signal

retlected from the moon's surface is given by

where fd is the difference between the apparent reflected frequency and the
transmitted frequency, f; R, the time rate of change of the distance between the

observation site and the surface of the moon; c, the free space velcoity.

Ly :
According to Fricker , the relative velocity, R, can be expressed by

™ d [ i
D (D - r, Cos v ) B & 3 (Cos %)

. ¢} o o dt
R = (34)
D
where, as shown in Figure 3,
2 2 1/2 |
=) & B - S 2
D - D, - 2r, D, Cos v (35)

and DO is the distance from the center of the earth to the center of the moon; D,
the distance from the observalion site to the mcon's center; ro, the radius of
th

(4]

earth; and v, the angle between the line connecting the earth-moon centers

and the radial line from the earth center to the observation site.

The terms in Equaticns(3%)and (35 )can be computed from the following

rclationships:

I‘0
D0 © Sin O (36)
u T
Pg T TR R = (37)
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_%E ( Cos y) = [Cos ® Sin P-Sin ® Cos @ Cos (LHA) ] —%%—- (38)
- Cos & Cos ® Sin (LHA) _%E— (LHA)
d d
= (LHA) = w- = (RA) (39)

vhere Il is the horizontal parallax angle of the moon; ®, the declination of the
moon; LHA, the local hour angle of the moon; RA, the right ascension of the
moon; ¥, the latitude of observation site; and w, the angular velocity of the
earth. The moon's celestial coordinates and the horizontal parallax are
tabulated in the Nautical Almanac.

The libration of the moon causes a variation of range-rate in the radial
distances from the observation site to points on the moon's surface. The
differences in the velocity components from the various parts of the moon's
surface give rise to a doppler spread in the reflected signal freguency. 1In
addition, doppler spreading also results due to the movement of the observation
site toward the center of the lunar disk. The total spread is the resultant
of both these effects.

The total doppler spread, A fd, as derived by Frickerhh, can be

given in terms of the function

o s _EJ‘_ﬁ_L{zTB S

n fK r R
a = TL\,OSv]+——2— (k0)

c R

where r is the radius of the moon;}%B, the total effective libration rate

in 1atitude;/5', the total effective libration rate in longitude; v, the angle
between a location on the perimeter of the moon and the moon's equator; and K,

the fractional radius of the moon, i.e., K = a/r as illustrated in Figure 3.

2L



The first term in this expression applies to the doppler spread due
to the moon's libration while the second is that due to the motion of the
observer. 1In general, the latter term can be neglected for libration rates

greater than lO-7 radians per second.

When the motion of the observer is not taken into account, the maximum

doppler spread occurs at an angle, Yo where

(b1)

The expressions defining the parameters, V:-lqg

presented in this report because of their complexity. Computational procedures

and . are not

for evaluating the terms are contained in Reference Ll.

With regard to the effect of librution on lunar echoes, if the moon
were a perfectly smooth body, the libration would produce a slight doppler
spread within a Fresnel zone, its magnitude being directly proportional to the
fractional radius, K, ¢r dimensions of the zone and varying as a function of the
angle, v. Since the first few Fresnel zones, where K is very small, contribute
to most of the energy of the reflected signal, the doppler spread would be
expected .0 be insignificant. The amplitude of the echo would have a slight
modulation with a bandwidth determined by the doppler spread over the contributing

Fresnel zones.

For a moon consisting of smooth regions (such as the first few Fresnel
zones ) and rough scattering areas (such a3 mountains), it may be possible, by
means of the libration effects, to reveal the existence of the scatterers. Since
the lunar libration introduces a doppler spread and amplitude fluctuation in the
reflectad signal, the magnitude of the frequency components in the doppler spread
or the dominant frequencies in the power density spectrum can be used to
determine the fractional radius of the moon which best fits the experimental data.
This parameter, in turn, can then be compared with photographs of the lunar face

for correlation with known mountain ranges.

The feasibility of mapping the surface of the moon by means of doppler

10
shift-power spectrum measurements has been demonstrated by Pettengill.

&3



IV. EXPERIMENTAL MEASUREMENTS

The experimental observations discussed in this report were conducted at
Trinidad, WIF betweer January and July 1960 with a high-powered pulsed radar
operating at a frequency of 425 megacycles, Linear (horizontal) polarization was
employed on transmission while the reflected radar signals were simultaneously

received on both the transmitted and the orthogonal (vertical) polarization.

Automatic tracking of the moon was accomplished by means of an orbit
programmer which continuously positioned, in three-minute intervals, an 8li-foot

dierieter steerable antenna so as to follow tne theoretical path of the moon.

The theoretical geometric orientation of the moon, as viewed from Trinidad,
for mocnrise commencing on 12 January 1960 1s shown in Figure 4. The method for
determining the azirmuth, elevation and time cocrdinates of a celestial body for

tracking purposes is discussed in Appendix C.

The radar data pertaining to the lunar echo return were recorded in digital
Torm on magnetic tape in order to facilitate data processing and analysis. In
addition, phctographic recordings were made of the various combinations of the

amplitude, range and time coordinates schematically illustrated in Figure 5.

A tracing of a typical A-scope photograpn of a radar-lunar echo recorded at
Trinidad is shown in Figure 6. The upper trace 1s the horizontally polarized
signal while the lower is the vertical It is noted that the pulse return is
stretched out to approximately 12 milliseconds in length and that the echo shapes
of both polarizatiors are comparatively alike The maximum radar cross section of
126.3 db above one square meter is obtalned on horizontal polarization. This
value compares reasonably well with the zeometric projected lunar disk area of
129.8 db above one square meter (radius of moon = 1740 km). Assuming a smooth
moon with a power reflection coefficient of 0.15, the theoretical echoing area

should be on the order of 121.6 db above one square meter

A lunar echo showing pulse distorticn and also pulse lengthening is contained
in Figure 7. For this particular example, the signal amplitude is only about 114

db above one square meter

26
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A selected sample of ar ampl:tuds vs. time film rezord of moon echoes
displaying Faraday rotation 1s iliustrstei in Figure & It is noted that the
reflected signal is predominantly coriented in the vertical polarization receiver
channel during the period wner horizonta. polarization was employed on transmis-

sion.

An amplitude vs. time fading reccord 1llustrating the presence of lunar
libraticn is shown in Figure 9 It 1s sezn that the envelope of the back portions
of the pulse returns =xhibits a much higher fading rete than the front portion.

It is interesting to nctz that the fading patterns of the mein echo pulse (the
large signal amplitude; ovésrw¥23d on both polsrizations are 1dentical. The
significance of this 15 that the pclarization of thes incident pulses on reflection
from the front part of th2 mocn 15 #eintainad, which implies that this region of

the moon's surfece appears rea

w

or.

u

bly smocth at & frequency of 425 megacycles.
Depolarization of a signal shoula cofur on reflaction from a rough surface. It
would follow that the ampiitude fading patterns obs2rved on orthogonal polariza-

tions would be somewhat different

A typical range vs time pnctcgraph of lunar echces,revealing pulse lengthening,
is shown in Figure 1C The signs. fading inaiested by the reduction of the echo
intensity In the back porticn of the range scale is malnliy due to the moon's

librat:on

The schedule of the radar-liunar observations perfornmed at Trinidad is
presented in Table 1 The tctal time of =xperimental measurements war L4-3/L
hours, of which less than 10 per cernt (the March 1960 data) were conducted when
the moon was at 1ts maximum southern deciination. The remaining observations

were made during the time whan tre mccn was aft 1ts maximum northern declination.
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V. DATA ANALYSIS

A. CHARACTERISTICS OF THE IONOSPHERIC MEDIUM

1. Preliminary Analysis

In the initial planning of this experiment involving the moon, in
studying, by means of radsr techniques, the diurnal variation of the electron
content in the ionosphere, it was revealed that, when the moon was at its
maximum northern declination, its orbit, as viewed from Trinidad, intersected
regions in the ionosphere where the direction of the magnetic field lines was

)

perpendicular to the direction of propagation Since only one frequency was
available for the experiment, it was believed that: (1) for the condition of
perpendicularity with the magnetic field lines, the angular rotation of the plare
of polarization of a linearly polarized wave (due to the Faraday effect) would be
negligible for transmissions on an earth-moon path; (2) it would be quite feasible
to resclve the ambiguity of the complete number of rotations of the plane of
polarization by simply counting the max.ma and minima of the polarization angle

of the resultant signal.

The preliminary analysis of the experimentel data indicated that, for
transmissions through the entire ionosphere, the condition of completely trans-
verse propagation is maintained in only a very small region in space. The
Paraday rotation, even when the condition of perpendicularity of the propegation

direction with the earth's magnetic field is satisfied, can still be appreciable.

The determination of the electron content in the ionosphere was,
therefore, accomplished from the lunar-echo polarization data by an indirect
method.33 All possible solutions to the problem were considered and, by a
process of elimination, based on the comnparison of the estimated electron content
with the electron content belcw the F-layer maximum deduced from iconospheric

soundings at Puerto Rico, a reasonable solution was obtained.

The megnetic field strength and orientation employed in that analysis33
were calculated on the assumption that the earth's magnetic field could be ap-
proximated by a magnetic dipole located at the center of the earth and having a
geomegnetic pole at 78.6° N and 70.1°W
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A re-evaluation of the preliminary work resulted in a more direct
method for solving the ambiguity in the polarization angle, i.e., by the
comparison of the estimated theoretical angular rotation with the experimentsal
measurements. In addition, the magnetic dipole model for the earth's magnetic

field was replaced by the surface values

The lunar orbit of the moon and the contours of perpendicularity with
the earth's magnetic field as viewed from Trinidad are presented in Figure 11.
It is seen that the magrnetic field orientations based on the dipole model and
surface data are slightly different The latter is considered to be the more

accurate representation.

2. Total Electron Content

The average acute angular rotation of the signals reflected from the
moon during the observation of 12 January 1960 is presented by the g= &g eand
the A curve of Figure 12 Because of the inability of an antenna-receiver
system to determine the true orientation of the incident radiation, it is neces-
sary to exemine the other possibtle veluss of the pclarization angle defined by

Equation (3) and also plotted in Figure 12

The intersection of any two " @ " curves such as the & = & and
the $=1n -A¢ curves at 1800 EST always occurs when the polarization of the
received signal passes through either a 90-degree or a O-degree angular rotation.
It should be noted that an intersection could result either from a phase reversal
or from a continuing monotonic phase change Fcr example, there are two possible
paths which each of the ¢ curves could follcw; the g = Ag curve could have
continued along the B path instead of the A path

The thecretical estimate of the magnitude of the ionospheric Faraday
rotation that could have occurred at the various azimuth-elevation orientations
of the lunar orbit is also showr in Figure 12 These calculations are based on
the true height-electron density profiles deduced from the verticel incidence
iQnospheric soundings taken et 15-minute intervals at Puesrto Rico. Above the F-
layer maximum, the electron density distribution is assumed to follow a Chapman

nodel, as defined by Equation (5), having a constant scaele height of 80 kilometers
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for the neutral particles

It is quite evident that the theoretical calculations correlate to a
high degree with the experimental data represented by the g = n - &F and the
A curves. Thus, these two curves are chosen as the most likely correct solution
to the ambiguity problem. It is of interest to note that a similer conclusion

was arrived at in the early anaiysis of the radar-lunar data.33

The electron content 1n a oane-square centimeter vertical column
through the ionosphere is depicted in Figure 13  The experimental plot is derived
from Equation (10) in conjuncticn with the values of @ specified by the
g =n-0¢g and the A curves. It 1s seen that, in the late afternoon, the
total electron content determined from the integration of the combined electron
density profile (from ionospheric soundings) and a Chapman distribution is
slightly higher than the experimentel measurements, while in the early evening
the reverse takes place. This would imply that, for this particular day, the
scale height during the daytime should »e less than 80 kilometers and that, during
the evening, the ionosphere could perhaps be represented by a Chapman model with

a constant scele height in excess of 80 kilometers.

The average Faraday rotation observed on 8 February 1960 is shown in
Figure 14. It is seen that the acute polarization angle reaches a minimum at
1700 EST which would infer that the polarization of the received lunar echo at

that time was the same as the transmitted polarization.

An examination of the theoretical angular rotation with the experi-
mental measurements reveals that the @ . n - &8 and the A curves best cor-

relate with the theoretical data.

A plot of the totel electron content derived from the radar-lunar
observations and from the Puerto Rico ionosonde data is given in Figure 15. It
is evident that, as in the case of the 12 January results, a constant scale
height of 80 kilometers above the F-layer maximum, assuming a Chapman model, is

too low for the evening. The daytime data, on the other hand, are reasonably well

correlated.

The average angular rotation measur=d on 19 March 1960 when the moon

Lo
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traversed a southerly orbit, with respect to Trinidad, is shown in Figure 16.

The theoretical computations are based on vertical incidence ionospheric soundings
recorded at Bogota, Colombia and an assumed electron density distribution of the
Chapman form with a scale height of 80 kilometers above the F-layer maximum.

The conversion of the Bogota virtual height versus frequency records into true

height versus electron density was performed by the National Bureau of Standards.

The dashed lines between 0545 and 0645 hours indicate missing experi-
mental data. Based on the theoretical calculations, the measured angular rota-
tion is assumed to have a value of 90 degrees at approximately 0615 hours. It is
quite evident therefore, that the actual Faraday rotation encountered in the

lonospherg can be described by the f = A g , B and C' curves.

The variation of the total electron content deduced from an assumed
angular rotation given by the g = A g , B and C' curves is contained in Figure
17. The experimental measurement of the total electron content is found to be

higher than that theoretically predicted for a part of the orbit

The measured acute polarizazion angle for the 4 April 1960 lunar
observation remained between approximately 2L and 48 degrees, as illustrated in
Figure 18 It would appear from the theoretical rotational data that the correct

solution to the ambiguity problem is most likely the § = nx - & @ curve.

In order to check the validity of this assumption, the electron
content obtained from the various values of @ are plotted in Figure 19, together
with the theoretical estimate. Beth the ¢ = x + AF and @=2x - AY
curves would indicate that <he total ionospheric electron conteat was increasing
during the time the electron content te.ow the height of the F-layer maximum was
commencing to decrease This would require that the electron production above
the F-layer maximum was continuing at a greater rate than the electron loss below
the F-layer maximum. The mechanism governing this physical process is difficult

to visualize.

The total electron content defined by the § = m- A @ curve, on
the other hand, closely resembles the variation of the integrated electron density

below the F-layer maximum. It would appear from the theoretical data that the

Ly
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scale height for the region above the peak of the F-layer should be somewhat less
than the 80 km value employed in the calculations

The angular rotation data for the complete lunar orbit of 26 May 1960
is contained in Figure 20. It is quite obvious that the most acceptable diurnal
variation of the polarization angle is given by the § = =n- &4 ¢g , B and A'
curves. There is also excellent agreement between the experimental and theoreti-

cal total electron contents as shown in Figure 21

The polarization data acquired during the whole lunar orbit of 20
July 1960, are given in Figure 22 It is seen that the = A ¢ , B and B’

curves best fit the. theoretical calculations

An examination of Figure 23 reveals that, during the nighttime, the
experimentally determined electron content is greater than the theoretical esti-
mates. As noted previously, this would infer a scale height in excess of 80

kilometers for the region above the F-layer maximum.

A composite of all the total electron contents in a cne-square centi-
meter vertical column through the ionosphere inferred from the lunar observations
is depicted in Figure 24. There is evidence of a diurnal variation with the
maximum ionization content appearing in the vicinity of mid-afternoon. The value
of 7 z 1012 electrons/cm2 in the early hours of the morning for the southerly
lunar orbit of 19 March 1960 is a factor of about one-third times lower than the
megnitude deduced for the northerly orbits. According to Wrightul, based on his
study of electron density profiles in the F-layer along the 75°W geographic
meridian, the electron density should meximize at about 5°N geographic latitude
which is the region south of Trinidad Insufficient radar-lunar data recorded

during the time when the moon's coordinete was at the maximum southerly declina-

tion prevent a full analysis of this discrepancy.

From the excellent agreement fournd between the electron content
determined from radar-lunar observetions and that predicted on the basis of a
simple Chapman model for the region above the F-layer maximum, it appears that
the ionosphere may be represented, to a first approximation, by a Chapman model
having a constant scale height cf $O kilometers or less for the daylight hours
and perhaps 80 kilometers or more for the nighttime. Wright has suggested that a

k9
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scale height gradient of about 0.2 km/km for the region above the peak of the
F-layer may be more representative of an ionospheric model than one with a

)
constant scale height.J'S Rocket sounding measurement of electron densities,

. 0 .
as reported by Bern1n32 , has disclcsed a linear scale height gradient of 0.22
km/km for the neutral gas.

3. Ratio of the Electron Content Above the F-Layer Maximum to That Below

The diurnal variation of the ratio of the integrated electron density
above the peak of the F-layer to that below, based on all the radar-lunar mea-
surements recorded at Trinidad, is summarized in Figure 25 It is seen that the
ratio, K, as defined by Equation (12), is ® variabie function of time, attaining
a minimum of about 1.5 (average value) at approximately 1300 to 1400 hours local
time. At night there is a wide scatiter o! valuec ranging between four and 11.

It is estimated that these results could have an rms error as high as 195 per cent.

The ratios of the electron content as measured by Bauer and Daniels15
compare rather favorably with the data presented in this paper They found the
ratio to be on the order of four to five during three nights in June before sun-
rise and about equal to three after sunrise In addition, for two days in

November, the ratio was about three both before and after sunrise.

Evans and Tayloruo have reported that, for the months of January and
February 1960, the daytime ratio, as determined in Erngland, appears to be about
three while the nighttime ratios were_.in the range hetween.2 S and 10. Their
daytime results are slightly higher than those obtained at Trinidad, but this
perhaps may be attributed tec the differz=nce in geographic latitude of the obser-

L
vation sites. Evan's early resultsl are in agreement with his recent work.

The measurements of Hill and Dyce16 indicate thatl the ratio of the
electron content above to below the F-layer maximum during the night is on the
order of 1.5 and during the day about 2.5. It is obvious that the nighttime
result is considerably lower than the Trinidad data. This discrepancy could be
brought about by their assumption that the function, f(h) H Cos 0, can be

considered a constant in the evaluation of the electron content integral.

4. Equivalent Slab Thickness and Scale Height of the Ionosphere

s
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A parameter presently employed to describe the ionospheric medium is
the equivalent slub thickness, 1, defined by Equation (13), which is merely the
ratio of the total integrated electron content in the ionosphere to the maximum

electron density at the peak of the F-layer.

A plot of the diurnal variation of the maximum electron density of the
F-layer, recorded at Puerto Rico and Bogota, Colombia, during the time of the
Trinidad lunar observations, is given in Figure 26. The Puerto Rico data corresponds
to the times when the moon was at its maximum northern declination, while the

Bogota data applies to the moon's southerly orbit of 19 March 1960.

A comparison of the total electron content evaluated from the Faraday
rotation data, shown in Figure 24, with the maximum electron density (from vertical
incidence ionospheric soundings ) Figure 26, reveals that both parameters attain

a maximum value in the afternoon.

It is evident from Figure 27 that there is a noticeable diurnal influ-
ence on the magnitude of the eyuivalent slab thickness of the ionosphere (or F-

layer).

The e juivalent slab thickness is & minimum between 200 and 370 kilo-

meters during the daytime and attains a value as high as 800 kilometers at night.

The analysis of sateilite doppler radio signals by Ross and Anderson
indicates a slight diurnal influence on the parameter, 1. The noon values of T,
however, do shcw a pronounced seasonal variation which can be fitted by a sinusoidal
function of mean value 290 kilometers at the equinoxiz and of amplitude 100 kilo-
=9

meters which maximizes near the summer solstice.

With regard to the presence of seasonal variations in the equivalent
slab thickness of the Trinidad results, insufficient data are available to determine
thilsieffiect:

Assuming that the electron densities in the ionosphere at the time of
the Trinidad radar-lunar measurements were distributed in accordance with the
Chapman model, the scale height can then be readily computed from Eguation (14).
The daytime values of scale height vary between 50 and 90 kilometers with a mean

of about 75 kilometers, as shown in Figure 27. At night, there is a wide scatter

o7
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of values ranging from 50 to 200 kilometers.

It should be noted that tke Trinidad dsytime evaluations of the scale
height of the neutral particles are in close agreement with Kallmann's estimate

47

from rocket and satellite data

5. Data Correlation

An attempt was made to determine whether there was any correlation
between the calculated icnosphere’s parameters; i.e,, the tctal electron content,
the electron density ratios, the eguivalent slab thickness and the scale height,
and the solar and geophysical cornditiorns existing during the time cf the experi-

mental measurements

The various solar and geophysical Jata, which were considered and are
tabulated in Table 2, were obtained from the bulletins published by the Naticnal

L8

Bureau of Standards

The geomagnetic planetary index, k:y 5 a mean three-nourly magnetic
reading based on an arbitrary scale of zero tcAnine wvhare zero refers to a very
guiet day and nine to an extremely disturbed day. The relative sunspot number is
an index of the activity of the entire visible disk It is def'ined as
R = XK (10g + s) where g is the number of sunspot groups, s is the total number of
distinct spots and K 1s & scale factor usually less than unity, 1ts value being
dependent upon the observer The solar fiux at 2800 megacycles 1s the daily

value rieasured at noon in Ottawa, Canada
Because of the lack of sufficient experimental data, this analysis
did not disclose evidence of any correlation

B. CHARACTERISTICS OF THE LUNAR SURFACE

1. Lunar Reflection laws

The supposition that the moon 15 & rcugh body at radar frequencies
has led tc the speculation of varicus scattering laws and functions to describe
the manner in which radio waves would scatter from the nmoon's surface. A method
of investigating an applicable scattering law i3 to characterize the decay rate

of the trailing edge of a lunar <cho.
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in. order tc reduce the effect of short werm fliuctuations in the
envelope of a lunur echo. 130 A-scope photographs, consisting of 65 different
pulse returns received on the two orthcgonzl polarizations were averaged Lo obtain
a representative sample for analysis purposes The res-.ltant lunar echo, shown 1in
Figuwre 28, was obtainad by dividirg each pulse into C 25-miliisecond intervals.

At each interval along vthe pulse. an average amplitide was caicuieted from the 130

different data points

It 1¢ seen that the traiiing edge ¢ the puise can be described in

terms of the trigonometrac functior, A Cou [3 (A = C)] + I, where the conrnshants

il

A=2.5 B==n/55, C=-302ard b = -1.6. The variable. 6. 1s the angle of incidence
with respect to the normzi to the swrface of the moon The relationship expressing

6 in terms of the radio depth of the moon 1s coniained in Appendix D.

The power distiribution of the trziling edge of the average lunar echo
is compered with other functions in Figure 29. The third degree polynomial,
@ +B 8 ¥y 62 + 5 93, where = 39.06, B = 74.33, v = 39.09 and & = -3.38, also
accurately represents the shape of tne pulse. It is obvious. however. that the
20

1 where the constant A, is egual to 163,

i T

angular scettering law, A, |3in 2 6/2 6
Bl -

suggested by lLeadabrand does not seem to apply to this example.

The trigonometric functions, A2 Cos 6 and A3 Cos2 6, where A2 = 11.2
and A3 = 13.65, also shown in Figure 28, are representative of the Lommel-Seeliger
and the Lambert scattering law, respectively. When the relative echo power is
plotted as a function of the cosine of the angle of incidence, as in Figure 30, it

¢ found that the Lommel-Seeliger iaw and the lambert law reduce to straight lines
and that the pulse decay rate follows the slope of the Lommel-Seeliger scattering

law displaced by approximately a factor of 1/8.

It should be mentioned that Pettengiillo has reported that, following
the decay of the initial specular component, the angular distribution of power
in the moon echo obeyed the Lambert. -type law except for a small amount of

limb brightening at the extreme ranges. Since the Trinidad and Millstone Hill
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investigations were conducted at approximately the same frequency, i.e., the
transmission frequency at Millstone Hill was L40 megacycles compared to U425
megacycles at Trinidad, the discrepancy in the results may be attiributed to the
fact that the lunar echo analyzed by Pettengill was a composite of 24,000 pulses,

integrated at each 500-microsecond range increment.

However, Browne12, on the other hand, has found that an analysis of
lunar echo data, observed at a fregquency of 120 megacycles, gives best agreement

with the Lommel-Seeliger scattering model

2. Cross Section and Reflection Coefficient cf the Moon

In analyzing the cross sectional area of the moon and the statistical
distribution of the amplitudes of lunar signals, as discussed in the next section,
the magnitude of the amplitude of the received echoes was measured at & constant
position within the pulse, i1.e., at one millisecond after the beginning of the

pulse which corresponds in range to & lunar depth of 150 kilometers.

The cumulative probability distributions of the total cross section
of the moon measured on 12 January 1560 during two 10-minute periods are shown
in Figure 31. The total lunar c¢ross section is merely the vectorial addition of
cross sections obtained on the orthogonal polarization receiver channels. Each
cumulative distribution curve was calculated from over 5000 individus]l date
points. The interval between 1630-16L0 EST corresponds to the time when the
moon was oriented at an azimuth angle of abcut 72.5 degrees and elevation angles
of 4.7 -6.7 degrees, while between 2215-2225 EST it was at an azimuth angle

varying from 29 to 15 degrees and elevation angle of about 82 degrees.

It is seen that, for the low angie measurements, 50 per cent of the
total cross sections were equel to or less than 8.5 x lOll square meters, while,

at transit, the value reduced to 6.0 x lOll square meters.

The lunar observations of 2 February 1960, shown in Figure 32, reveal
that 50 per cent of the total cross sections btetween 1L30-1LLO EST were equal to
or less than 5.0 x lOll square meters, while, during the interval 2025-2035 EST,

they increased tc 7.5 x 1011 square meters,
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Assuming that the moon is a perfectly conducting sphere, its radar
cross section 1s then the projected geometric area of the whole disk or 9.5 x 1012
square meters. It follows from Equation (17) and Figures 31 and 32 that, for 50
per cent of the observations, the power reflection coefficient of the moon's
surface appeared to lie between 0.05 and 0.085. It is estimated that the ex-

perimental error incurred in this analysis should be less than 3 db.

Measurements made by Frickeruu at a frequency of L12 megacycles
using a cw system, indicated a lunar power reflection coefficient cf 0.074. Ac-
cording to Blevis and Chapmanh9, radar observations of the moon at 488 megacycles,
also made with a cw system, revealed a pocwer reflection ccefficient of about
0.05. The uncertainty in both experimental results are reported to be less than
3 db.

Since the Trinidad results, obtained by pulsed radar techniques having
a pulse length less than the radio-depth of the moon, are in excellent agreement
with other experimental data teken with cw systems in the same frequency range, it
would appear that the moon must be sufficiently smooth for Fresnel type reflec-

tion to teke place.

It should be mentioned that values of 0.1 to 0.15 have often been
quoted for the power reflection coefficient ¢f the moon's surface. The Trinidad

L9

1
measurexents and those reported by FrickerM and Blevis and Chapman - would

indicate that these values are somewhat high.

3. Statistical Analysis of Lunar Echo Amplitudes

According to theory, the aemplitudes of pulses reflected from an ir-
regular surface which scatters electromagnetic waves randomly, i.e., with random
phases and amplitudes, should be Rayleigh distributed. For a surface which
contains both one large smooth area and many rough scatters, the amplitude distri-

bution should tend toward Gaussian

In order to test this hypothesis for determining the surface charac-
teristics of the moon, the lunar echo amplitudes recorded in two 1O0-minute inter-~
vals between 1430-1440 EST and 2025-2035 EST on 8 February 1960 were selected.

It should be noted that the amplitude data from these time periods, considered
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in this analysis, are identical with the lunar cross section data discussed in
Figure 32. The statistical analysis was made on the total signal amplitude in

order to reduce the effect of ionospheric Faraday rotation.

The probability density function of the total lunar amplitude, recorded
during moonrise when the libration fading rate was normally low, is illustrated in
Figure 33. “The theoretical curves were calculated from Equation (27) with the
parameter j, defined by Equation (25), equal to 28.0, this constantbeing evaluated

from the experimental data.

The nresence of a strong steady signal would be indicated by a
probability density function which would be of the form of the b = 2 curve. It is
seen that the experimental pointe coincide, to some degree, with the theoretical
Rayleigh distribution (b = o) for low amplitude values, but commence to diverge
for a normalized amplitude of 12 and greater. Thils 1s clearly evident if the
natural logarithm of the ratio of the probability density function to the
normalized amplitude is plotted as a function of the square of the normalized
amplitude as shown in Figure 3L. It is noted, from Equation (23), that for this

type of a plot, the slope of the Rayleigh distributicn is 1/2 y.
) - P (3 / N

The experimental and theoreticazl prcbebility density functions of the
total amplitude of the lunar echoes gbserved for 10 minutes near transit are
shown in Figure 35. After normalization, the parameter, %, for this time period

was found to be 20.0

It is interesting to note that the experimental data appear to tend
toward the b = 1 probability density curve except for the slight displacement at
the maximum. It is definitely seen, from Figure 36, that the experimental points

do not correlate with the Rayleigh distribution curve.

A comparison of the experimental pointes in Figures 33 and 35 indicate
that, at high elewvation angles where libration fading is a maximum, 4 the ampli-
tude signals were observed more often having greater magnitudes than those
detected near moonrise. This is based on the fact that the number of pulse

returns considered in both analyses was the same.

An amplitude record of one minute in duration (2026:20 - 2027:20 EST)
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taken from the same staristical popularign, was also analyzed to determine the
eff=ct of a short=2nel sample 2ize on the experimental distribution. In general,
it was founld wthat the smpli*udes of the one-minute sample vere distributed in a

somewhat similar fashion to thossz of the LO0-minute sampls

‘fne results of tris analysis revesml evidence of the presence of &
slight specular componeat reflected fram the lunar surface during the time when
the mocn was npear transis This was not tne cas<, however, for observations

conducted at moonrise

e

I T posaible 'Ehmt, Ivsfead HT & arge smoOoLl, region on the sur-
face of the moon, thers are many swcotr areas which gilve rise to specular reflec-
tion Thus. this wou.d heve tne effocr of imposing a random pnase and random
amplitude fluctydation an the resultan' gpeculsr coOmponsnt It would follow that
the steady signal. whilcn would be normally #xpected 1f the moon consisted of only

one large smooth reflecting area, would, in egteave, be washed out or smeared

“. Doppier Freguenty Snify

Becaute of the relative motion af the moon with respect to the earth,

radae waves reflaseted Trom the som. mre ehifted 1n frequency

réquency, @il tE neasired durlbg the par?tdal lunar -orbits

o]
2]
[0
[OF
C
=)
F]
I
(]
£y

of 12 January 1950 and 8 February 1560 are shown in Figure 37. It is guite

evident that the experimental ctaervations are in agreement with the theoretical
predictlions The whecreulicall curwes wera computed according to the method

: L ! . ! . .
proposed by Fricker , the mathematical relationships belng given by Equations

(3&) through (39}

The doppler =snift is a paximum cf approximately +1130 cps at moonrise
and a minimum at the moon's transli, B hipwe 17 Figtire 37
Trhe doppler frequency shifti at 120 megacycles, as reported by
12
Browne™ “, was on the order of #50 cps fer observations taken when the hour angle
of the moon was less than 0 minutes ¢f time. Doppler shifts as large as *1000

cps at 412 megacyzles heve been recorded by Frlcg?rso

o+ Dopplar Frequency Spresd

[
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Rad1c waves wnen refiected from the moon experlence a doppler spread
in frequency in addition to undergoing & doppler shift The former phenomenon is

pradominantly the result of the moon's iibraticn

uh :
Fricker has shown that the frequency spread at transit 1s always a
maximum, while at moornris=2, 1t could have any value depending upon the moon's

effective total libration rate in latitade and longitude (see¢ Eyuation (40)).

The moon's libratict has tha effect of impozing a rapld fluctuation
on the amplitude of the si1gnal reflected from 1ts surface Sample amplitude vs.
time flim rrcords 1llustratlng th# presence of libration fading are displayed in
Figure 38. An examirarion of Figure 38a reveals a domirant low periodic struc-
tur2 which 1s 1adicative of the minimum libration fading prevalent at the time of
observaticn Figure 38c represenis data collected later in the same day during
the mecon'g transli The nigner frequency variaticn of signal amplitude, evident

in this record, cer

—~

esponds 12 a time of comparativaly high libration rates.
The lunar echoes observed at as elevation angle of about 46 5 degress, Figure
38b, show a mixture of both low and hig: fadlsn: rates. It should be ncted that
the relative difference c¢f signal amplitades =i the horizontal and vertical
polarizations from moonrise to translt was causea by the change in the rotation
of fhe plang of polerization by the Lonosphere, i.e , Faraday effect

In an attempt tc determine the correlation with tne "effective-

1

libration rat2" doppler, the power spectrum for the iwo lunar observations were

obtained and comparea with the theoretical doppler spread

As discugsed ian Appendix E, the power density spectrum is the Fourier
transform of the autocorrelation functiocn which is computed from an amplitude vs.
time function In this analysis, the autocorrelation function is obtained from
the total lunar crose section which 1s 2roporticnal to the square of the signal
amplituae The powzr density spoctrum, discussed in this section, in essence
defines the frequency-power content of the time variation of the total echoing

area of the moon

A porticn of the sample of the 8 Fsbruary 1960 lunar data selected
for tbile analysis is shown ir Figure 38a The total signal power for each pulse,

i1.e , sum of the power received on the twc orthogonal polarizstions, was

7
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TIME = 2035 EST
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ONE SECOND

TIME =1401 EST
AZIMUTH= 71.5°, ELEVATION=0.7*
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Figure 38. Amplitude vs. Time Film Records Showing the Influence
of Lunar Libration, 8 February 1960
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measured one millisecond after the vise of the milae, 'This corresponds to the
coverege of a spherical cap on the moon with a fractional radius of 0 .40b (sce

Appendix D)

The autccorrelaiion functicn of the total crcss section for a one-
minute interval at moonrise is presented in Figur=a 39. The power density spec-
trum corresponding to this function is given in Figure 40. It is seen that the
principle frequencies are all less than one cps, i.e¢ , 0.27, 0.53, 0.69, and

0.94 with the dominant frequency being 0.27 cps

It should be mentioned tha%t a graphicsl Fourier analysis o the

film record for the same period revealed frequencies of 0.23, 0.82, and

—
=
W
o
o]
©

tound to be 2 21 cps for the fracticnal radius of C.40k. This calculaticn was
based cn the lunar libration rate constants presanted in Table 3 and applied Lo

Equations {40) and (ul)

A similar asalysis of the L April 1970 lunsr data, alsc at moonrise,
revealed the autocorrelaticn function and the power dencity spectrum given in
Figures 41 and L2, respectively. The orinciple frequencies present in the power
density spectrum are 0.1k, 0 27, 0.49, 0.93, 1.38, 1.62, 1.77, 2.00, 2.30, 2.50,

2.65; 3.20 and 3.0 ¢ps, the dowminant being D.1% cps.

Utilizing whe libragion sonetanid tabelated in Table 3, it can e
shown that the theoretical maximum doppler spread for the fractional radius of

0.40k was 0.66 cps

It is evident that, for the two lunar observations that were
analyzed, the theoretical maximum doppler spreads exceed the dominant frequency

of the power density spectrums deduced from the experimental data.

At a frequency of L295 megacycles, the first Fresnel zone on the moon
has a fractional radius of approximately 0.007. This value differs from the
fractional radius of 0.40Lk employed in the calculations by a factor of 0.017.

The experimental dominant frequency of the 8 February 1960 observation, 0.27 cps,

is 0-12 times smaller than the theoretical estimate of 2.21 cps In addition,

749
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the dominant frequency of 0.14 cps meazured on b April 1960, differs from the
theoretical calculations of 0.A6 cps by a Tactor of 0.22. Iv appeers, trerefore,
that while the effective radius responsible fcr most of the amplitude variation
1s smaller than 713 kilometers., the radius of the spherical cap corresponding to
a fractional radius of C.u0k, 1t is larger then the radfus of the firs: Fresnel

gene, LY. T klicmefers, by Spproximately 10 tlnes.

As shown 1n the photograph of the front portion of the moon s face.
Figure 4%, there is & comparmtively smooth ares in the center of the mcon, Sinus
Medil, large enough to &ncompass at least 10 Fresnel zones. 4his region 1s sur-
rounded by a number of mountain peaks that rise 5000 to 8000 fecf.sd % colild be
pcssible that the librational motion of these peaks account for the higher fre-
guency temms cobtaiped in tHe power densi1ty dpecirum. For example; the mountein
range, Rhaeticus. with a fracvional radius of approximately 0.08-0.C3, could have
imparted at its location, a fading rate of sbout $.8L-0.55 cps on 8 February 1960.
It Is Interesting %c novte thai the fadlpg reis, passibly due “to Rhaetlcus,
cempares faverably with cie af Fhe frEQiencled, .90 cps, present in &he power
densipy specirum ¢f %hewn deda. This calsulagion is based on Egqueticon {40) for

o= 30°.

8%
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VI. CONCLUSIONS

Radar refleetions from the moon arford a method for investigating the char-

acteristics of the 1lonosghere.

It is shown that the polarizaticn ambiguity problem of radar-lunar reflec-
tions, prevailing when only one frequency is employed on transmission, can be
resolved by the comparison of the experimental measurements of the angular rota-
tion (of the plane of polarization), introduced by the ioncspheric Faraday ef-

fect, with theoretical estimates

It appears that the electron density distribution above the peak of the F-
layer can be represented, to a first approximation, by a Chapman model with a
constant scale height of less than about 80 kilometersfor the neutral particles,
during the daytime and more than abcut 80 kilometers during the nighttime. This
is based on the nigh degre=e of correlation between the total ionospheric electron
content deduced from radar-lunar observations and that predicted from ionosonde

data and the theoretical model

The ratio of the integrated electron density above F-layer maxirum to that
below undergoes a diurnal variation, attaining a minimum average value of ap-
proximately 1.5 batween 1300-1400 hours local time. At night, there is a scatter
of values ranging from four to 11

Fvidence is presented which indicates ihe presence of diurral influence on
the equivalent slab thickness of the 1lonosphere which is defined as the ratio of
the total. ionospheric electron content to the electron density at F-layer
maximum. The equivalent slab thickness is a minimum of 20C to 370 kilometers
during the daytime, while, during thec nighttime, its magnitude increases, attain-
ing a value as high as 800 kilometers

The scale height of the F-region deduced from the total electron content by
L .
the method proposed by Wright . alsc reveals a diurnal influence. The daytime
values vary between 50 and 90 kilometers with a mean of 75 kilometers while

during the nighttime, the scatter is from 50 to 200 kilometers.

Lack of sufficient experimental radar-lunar data has prevented a thorough

analysis to determine the correlation of solar and geophysical phenomena with the

87
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AFPENDIX A
IONOSPHEEIC FARADAY ERFECT

A. INTROUUCTION

When a linearly polarized slectromagnetic wave enters ar ionized medium in
the presernce of an external magne=zic field, such as encountered in the ionosphere,

the wave separates 1ntc %wo independent components both, in the general case,

elliptically molarized with duposite sendey of rotaticn. For frequencies in the

UHF renge, f®he Ttwo fcpponenta, which are refarred Yo as She drdinary and the

) | =8
extraondinsyy wvaves, eres giretlarly poliarized.

As The Jonesphers is traversed, The Lwe waves pProgress with diiferent
velocities of propagation which resalt in the phase relationship between them to
be continuously changing. Oun leaving the 1onoEphere, the circularly polarized
components recomtine to form & Linearly upolarized wave wnich 1s rotated with
respect to the origlnal linear w=ve This phenomenon 1s commonly referred to as

Gher Faradey elffecy.
B. THEORETICAL CONSIDERATIONS

Sinece a circularly polmrize=d wave 1€ ba@sically compos=d of two harmonic
ortnogonal signals wnloh ére B0l degrees cut of phase with cue zncther, only one
of the lirearly peolerizef wavea from sach of the two airsularly polarized components,
i.e., the crdinary and the #xtraordinfiry waves, need bBe considered in analyzing

the polarizaticn rotaiicnal effects of the ionosphere.

The differential phase shift that eack of the components undergoes in an

element of peth length, ds, 1= given by

21!
- S—c N
g e - (A1)
and -
Dy p
g == ds (A-2)
\e

where the #ubscripis, @ snd &, refer to the ordinary and extraordinary modes of
propagasion, respectively, and Al and Ae are the wavelengths associated with

the phace veloci®y, W and Vv , of the waves.
[l % I!'
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As illustrated in Figure A-1, the angular rotation of the plane of polarization

of the wave, d¢, as i! travels tne distance, ds, is therefore
4 = 1/e (4 - &) (a-3)
By definition,

and

' = (A-5)

wvhere ¢ is the free space velocity; {, the transmission freguency; and no , the
b
refractive indices of the medium. It follows that Equation (A-3) can be written

in the form

w z
ag = T On ds (A-5)

wvhere w is the angular transmission frequency and An = ng - ne.

Thils relationship defiines the angular rotation of the wave for a one-wey propa-
gation path. Thus, the total polarization shift for a two-way propagation path

becomes

s
#(s) = g \Z“Q &n ds (A-T)
i

where S and 52 are the limits of the path.

In terms of & vertical height variable, this expression is modified to

2
g(h) = = j &n f£(h) dn (A-8)
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g

where

£(h) & ———— - (A-9)
1 A2 g B | =/ E
| (xy * 12 - (x, Cos B) ]

and ro 15 the radius of the earth and E 13 the elevation angle of the antenna
bean:.

According to the magneto-ionic theory, i.¢., the theory of propagation of

electromagnetic waves through an ionized medium 1n the presence of an external

magnetic fleld, the complex 1ndex of refraction of the medium, M, is given by 22
M> T * o et S RS ™ S
2 ’
(7)) (yr) ke
E W L . e I . 2
2 ce B) - —— ¢ s G )
I +ar jg (1 +ra+ j8 )
(A-10)
where
o wwH
B S — )T = = Sin 6
Y w
d
w v H
B —t & _He
WE moe (A-11)
gy : o A
4 = Gos 6 Sl = :t Ne—-——
il x2 ©
o m

: -10
and where e 1s the electron charge (4.8 x 10 esu); m, the electron mass
28 3
gn); %, electron density (electrons/cmj); v the electron angular

(i % 30
collision frequency; H, the earth's magnetic field strength (gauss); and 6, the
prepagation angle, i.e.. the angle betwzen the magnetic field vector and the

direction of propégation. The guantity, He/mc, is the gyromagnetic frequency of

the eleciron about the earth's magnetic field while W, is the critical frequency,
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or plasms fraquensi, of the ronized med: am.

-t is noted <hat ‘here are two possibie vaiues for the complex index of refrec-
tion which indicate two different modes of propagat.on., The waves travel independently
in the ionized medium and each has & polarlization vector associlated with it. 7'n the
general case, at the low frequenc:es, the waves are elliptically polarized with

opposite senses of rotation A%t frequenc-es on the order of 100 megacycles, the

3
wvaves are circularly polarized.
It can be shown that, under ordinary tonospheric conditions, for frequencies in

2 2 2
the 100-mc range, it is valid to assume « > > v  and w” > wC2.38 Thus, the complex

index of refraction reduces ic & real quantity glven by

n® -1- 2 5 (A-12)
’ 2 W 2 ww . W oin2 0 1/2
ey 51n2 6 2 i 1A + Cos 8
3 el = L 2w |
w 2(.uc o /

wvhere the positive sign is associated withh the ordinary mode of propagation while
the negative sign with the exiraordinary mode of propagation,

Assuming quasi-longitudinal mode of propagation which is represented by the
condition

w2 2 2
4 2o > > 510 g Tan 6 (A-13)
¥

H

it follows that the difference in the index of refrection between the ordinary and

extraordinary waves is

3
On =~ ——EHEE—E——i Cos 6 (A-14)
2 m cf

This approximation is valid at a frequency of 400 m:2acycles for values of @ bVetween
0<8<89.6°
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According to Equation {(A-8), the total two-way polarization rotation (in

radians ) evaluates to

) . L h
g(h) = *.§e33 x 10 2 f(h)H Cos 6 N dh (A-15)

2 %)
£ h

4
4

vhere the altitude limits, h, and h2, are 1n centimeter units and f 1n cps.

ot
It is evident that, for quasi-longitudinal propagation, the magnitude of
the angular rotation is inversely proportional tc the square of frequency and

directly proportional to the magnetic field strength.
The condition for quasi-transverse propagation 1s denoted by the 1ipnequality

"in2 ] Tan2 g > > = w’
. ;;2 (A-16)
By simple manipulation, 1t can be shown from Equation (A-12) that the difference

in tie refractive indices for the two modes of propagaticn 1is, therefore, given by

L0 2 : : Sin° 8 (A-17)

Referring to Equation (A-8), it follows that the two-way polarization

rotation becoues

. 6.6087 x 10+° Ph2 2
glh) = J f(h) H sine ¥ dh (A-18)
=
J
h

f

L

It is noted that, for the quasi-transverse case, the angular rotation is
directly proportional to the magnetic field squared and inversely proportional

to the cube of fregquency



APPERDIX B
DETERMINATION OF SIGNAL POWER KREFLECTED FROM A ROUGH SPHERE

Any calculation of' the theoretical power reflected from a rough sphere must
include such facters as the increment of surface contritbuting energy at a

given instant of time and a scattering law describing the surface characteristics.

In order to formulate a relationship incorporating all the necessary
parameters, the geometric relation of the incideit pulse with respect to the

sphere must be considered.

A plane wave 15 assumed incident cn the surface of the sphere with zero
range (or time!} taken at the point of tangency. For a pulse of length, p (iu
nniEs of distancs], less fThan fhe radlus of the' sphere, v, the& incremental, zone
4A;, around the sphere :contributing to the reflected pulse at a given zcne

depsa, d, Is as shown In Flgure B-1; definsd by the angitlar limits

’

i [ - G 1
91 = Cos ) : _E__(_d_£__)_ (B_l)
X il E 3
and
-1 r W = " B
6. = (o= e
|_ - ] (B-2)
Since plis cT/& and @ m'gg/ B At folloys. thak
_.r e %— (t-T)
(= e
and o
. i = '_'v W
2] = O8 e (B-L‘)
2 L - _!

where ¢ 18 the free space velgelity; T, the pulee width In unite of time; and %,

the time assoclated with the zcne depth.

For © < T. the contributions to the received pulse criginate within the

surface area bounded by 81 = 0 and 92 defined by Equation (B-L)
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Figure B-1. Geometry of a Pulse Incident on & Rough Sphere
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The method for determining the magnitude of the signel reflected from 2
rough sphere, as described belcw, 1s similar to that developed by Grieg, Metzger,

N
and Waer.

If P 1is the power per unit area incident on an incremencal area,6 dA, of a
o

rough surface, then the effective inciden: power, P

;. 16

1

P. = PO Cos B8 dA {B-5)
where 6 is the angle between the normal to the surface and the direction of

the incident wave. The angle, 6 in Figure B-1 corresponds to 6 in this

1
expression.

If the surface is not perfectly refliecting, the reflected power, p ., is given
R

i

by

PR= o P Cos 6 dA (B-C)

wheYe p 1s tha power reflection c¢cefficient of the surfece.

I+ is convenient to define PN as the power per unit solid angle reflected
normal to the area dA. For Lambert scattering, the power radiated in any
direction 1s preportional to the cosine of the angle between the scattered ray
and the normal to the surface. Thus, the power scattered per unit sclid angle

1s Simply PV Cos 7y where > 1s any angle measured from the normal %o dA.
|

The unit sol.d angle 47 enclosed by di, as shown in Figure B-2, is given

by
an = 4aA {1
2
r
It can be readily shown from spherical geometry that
dA = 2% r° Sin 7 dy (B-8

10



Ri5l2

r = RADIUS OF SPHERE

Figure B-2. Scattering from a Diffuse Surface
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[t follows thnat the total power intercepted (or reflected) by the upper

hemisphere of Figure E-2 is. therefore,

v/z
Pq = 2 PN /\ Sin # Com v Qv (B-9)
"o

Ol L ELmEELY

P,= &P (B-10)

I‘ re]

Sirce the reflected powver 12 alss defined by Equetion (B-6), 1t is evident
what

p P Cosf di .
B » g (B-11)

L

Taking into account Lambert's law ocnce again, it follows that the power
Entes: scldn amgle sspaliterwd veak 1n Uha direstion of 6, daew, Incident
dirachilong eccmms
ez C032 (B Sl 7N
P o= 9 (B-12)

1650 Pt 18 Ghe YGransv{iad Power and Gt 1s the gain of the transmitting antenna

relative to an isotropic anfenna, then
(B-1
) 2 JB=L.3%)

wiere R 1s the distance from the transmitting source 1o the sphere.

The pWeY Snterceyted as the recelving eanbemna, Pz’ 16 simgly
AC
R s =] (B-14)
i 2
R
vhere A 15 the effecfive antenns areh défined by
N 2
':r A
by — (B-15)
2 ki
and where G ic the galn of the recelving antenna and A is the transmitted wavelength,
)"

103



it

Since the element of area, dA, can be expressed in terms of the angle 6 by

(assuning 6, = 6 in Figure (B-1) )

2 -
dA =2x r Sin 6 46 LE-10)

on substituting Equations (B-12), (B-13), (B-15), and (B-16) in Eguation (B-14),
it is seen that the total received power for a monostatic system can be expracced

by the integral

2 o ]
Pt G A o ) 2
P = . 5?/ 5in @ Cos 0 16 (B-17)
3 ¥
(bx)” R 8

.
where o is the echoing area of a smooth reflecting body definsd ty

2

It is noted that the terms in the parenthesis of Equations (B-17) d2scrilbe

the general radar equation, i.e., the power intercepted from & target whick

reflects redlation isotropleally.

On integrating between the limitsy & = 0 and 92 = n/2, it is found that
the total power received from a rough sphere, scattering in accordance witn

Lambert's law, is 8/3 times greater than that from a smooth tody

With regard to a rough surface obeying the Lommel-Seeliger scattering law,

the power scattered per unit solid angle, P ig independent ef the scatiering

N’
angle, 7, i.e., the angle between the scettered ray and the normal to the
surface. Thus, the total power intercepted by the upper hemisphere, shown in

Figure B-2, becomes

x/2

r , )
PR = 25 PN \/ Sin y dy (E-19
o
or
PR = 2 PN (B-20)
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It can be readily shown that the power received from a rough sphere

evaluates to

]
/ Pt 02 Ae s v 2
P = b l Sin 6 Cos 6 46 (B-21)
. 3 iy
(b)” R 1
Integration between the limits 6] = 0 and 99 = n/2 reveals that the power

scattered from a Lommel-3celiger type spherical surface is twice that of a

smooth spherc

The theoretical shape of pulses reflected from a rough moon are depicted in
Figure B-3. The relative power scale has been normalized with respect to the
Lommel-Seeliger law It is seen that, for short pulse lengths, more energy
is scattered back from the limb of the moon for the Lommel-Seeliger scattering
case than for Lambert scattering. On this particular plot, a smooth moon would

reflect a constant relative power of 0.5, irrespective of pulse width.
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APPENDIX C
ORBIT OF A CELESTIAL BODY

The relationship of the celestial coordinate system with the geographic
coordinate system is 1llustrated in Figures C-1 and C-2. The declination, D,
of a point on the celestial sphere is analogous to geographic latitude since it
is the anguler dlsplecement from the esquatorial plane measured positive
northward. The right ascension, RA, which corresponds to geographic longitude
is the angular position about the celestial pole It is measured positive east
from the meridian containiag the Vernal Equinox (or the First Point of Aries)
which is the intersection of the plane of the ecliptic, i.e., the plane of the
sun's orbit about the earth, with the celestial equator. The Greenwich Hour
Angle of Aries, GHAy, is the angular distance measured positive westward azlong
the celestial equator from the Greenwich meridian to the Vernal Equinox. The local
hour angle, @, is the angular displacement between the meridians containing the
observation site and the point of the cel2stial sphere, and is measured

positive westward.

It can be readily shown by applying the law of cosines to the spherical
triangle of Figure C-3 that the function relating the gecgraphic and celestial

coordinates is given by.

Sin D= Sin ESin L + Cos E Cos L Cos A (c-1)
where L is the latitude of the observation sight, and A and E are the azimuth
and elevation angles of the celestial body as observed at the site, respectively.

For the special case when A = 180°, this equation simplifies to

bid
E= < e L (c-2)
For A = 0O°
b1
E=L¢ (—5— -D) (c-3)

where the two solutions exist only when the condition, L > [(n/Q) -D}, is

satisfied.
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Figure C-1.

Celestial Coordinate System
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Figure C-2. (elestial Time Coordinates

109



9970

NINORTH CELESTIAL POLE

| & ¢
I
| ZENITH
B
| / : ‘!’b
— 3 A
e | ﬁ“o% ~
& ., g%SEERVATION \
il ‘ L
L
EARTH
EQUATORIAL
PLANE
\“‘mh I \
CE;EST[AL—)\““-m,\E__’_M
EQUATOR

B= CELESTIAL BODY

D= DECLINATION

L= LATITUDE

E= ELEVATION ANGLE

Figure C-3. Astronomical Configuration
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According to Equation (C-1), it is seen thet the azimuth and elevation
orientations of a celestial tody are only dependent upon the observer's latitude
and the declinatior, Since the declination of & star is relatively constant,
its orbit as observed from a fixed location on the earth's surface, remains the
same from day-to-day and 1s symmetrical about the observer's meridian. With
regard to the sun and the moon, however, both ortital paths are not constant

since "their declinations are variable functicns <f time.

The duration of time that a celestial body will remain above the horizon at
any latitude can be readily determined. Referring to Figure C-3, 1t can be
shown from spherical trigonometry that, in terms of units of time, the azimuth and

elevation coordinates can alco be expressed by

Sin E = Cos § Qos L Tos D+ Sin L Sin D (C-&)

and

Tan A = (c-5)

Tex D Gos 5 - 8in [« Gos #

t should be noted that the local hour angle, @, is expressed in sidereal time
units and not in solar time. Sinece the sideresl day is shorser than the solar
day, & star will cross an observer's meridian approximately thiece minutes, 55.91

seconds earlier every day.

The time at which a celestial body such as a star crosses a given angular
position can be determined by urilizing Equations (C-4) and (C-5) 1n conjunction
with

¥

g = 360 ¥ WA - RA - A, (C-6)

where )w is the longitude of the observer meacsured positive westward. This
. . . Yy . .
expression is derivable from Figure (C-2. The parameter, GHA", is listed as a

function of time of day in the Nautical Almanac.

With regard to determining the time of passage of the moon or the sun,
Equation {C-0) is modified to the form

g = GU:i - A (c-7)

ki a Bt



where GHA, the Greenwich Hour Angle, is, in essence, the local hour angle. This
angle, which is also tabulated in the Nautical Almanac, is measured positive

westward from Greenwhich meridian.
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APPENDIX D
THE GEOMETRY OF THE MOON

According to the theory of Fresnei diffraction as pertaining to physical

Optics5 , the radius of the n'th Fresnel zone, a 1z expressed by

n:

npee® ) o 4 1 J (p-1)

where A is the wavelength of the transmitted monochromztic light and S and R
are the distancesbetween the diffracting aperture snc the iight source and the

observing screen, respectively

For a source at infinite distance, the dimension of the n'th zone reduces to
e
a = [n A R ] / (D-2)

With regard to the concept of specular refliection from a smooth spherical
surface as applied to the radar problem, the radius of the n‘th zone 1s modified
to

n LR 1/2

an=[ 2 } ‘ (D=3}

This relationship implies that the transmitter and receiver are situated at the

same location and that the target dimensions are large compared to the wave-

length of the incident radiation.

A plot of the radius of the Fresnel zones on the surface of the moon at a
frequency of 425 megacycles is given in Figure D-1. The average earth-moon

separation, R, 1s assumed to be 385,000 kilometers for thie calculation.

The fractional radius of the moon, K, alsc depicted in Figure D-1, is defaned

by

K = (D-L)

where r 1s the radius of the moon.
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For an electromagnetic wave incident on the moon, the depth of penetration

into the moon is given by

_1e i
d= = (D-5)

where ¢ is the free space velocity and t is the two-way travel time.

Ac shown in Figure D-2, the radius of the base of the spherical cap, a ,

defined ty the penstration depth, is expressible by

~

a= !.2 o ] 1/2 (D-6)

The angle of incidence, 6, with respect to the normal to the lunar surface

is related to the fractional radius by

oL 5 :
B = (S [ K _ (D-1)

A piot of the angle, 9, as & function of the travel time of the wave, the
penetration depth and the fmactional radius of the moon is given in Figure D-3.
A photograph of the face of the moon illustrating the functional relatioanship

between these various parameters is shown in Figure D-4.
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APYENDIX E
AUTOCCRRELATION FUNCTION AND POWER DENSITY SPECTRUM

A statistical or random function of time, y(t), such as random noise
current, is one in which the value of the function, y(t), does not depend in a
definite manner on the independent variable time. ‘The function can best be

described in terms of a statistical or probability distribution.

The autoccrrelatim function is a measure of the average correlation
be tween two values of the same time series. It is similar to the correlation
coefficient, of'ten used in statistical analysis, which 1s a measure of the

linearity between two variables.

The aatocorrelation function is defined by o1
3 T/2
¥i{T) = Lim = \/\ y(t)y (¢t + 1) dt (E-1)
i =5
-T/2

For .a random process which 1s stationary in time, i.e., the causes of the
ran iom fluctuations do not change with time so that the process is independent

of the time of origin, ¥(t) is an even function with respect to 7.

The autocorrelation function, in normalized form, can also be written as

[y(t)—ym }{y(t«“r)—ymjl

Viz) = — (E-2)

[y(t)-ﬂ_ﬂ ]2

Some of the properties of the normalized autocorrelaticn function are namely;

y(0) = 1; ¥(t) < ¥(C) ; and for a random phencmenon without

the presence of a steady signal, y{v)—> ( as 15 «.

The power density spectrum, w(f) of the function y(t) is the Fourier transfomm

of the autoccrrelation function In other words ,

w(f ) = fm wiz) e ) ™ T (E-3)

-0
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and similarly the autocorrelaticn {1 u:ezion g der.ved from the Fourier

transform of the power density speztrum.

In simpler form, the relations.ip between y(1) &rd w(f

.an be expressed ir
terms of Fourier cosine transform

By

a
\lf(‘t) = Ef w(f) Cos onfr 4f (E-4)
¢]
and

~ &0
off)=2 j V(1) Cos 2nfr 41 (
o

With reference to the analysis >f the amplitude versus time functiorn of

lunar echoes, the resultant signal reflected from the surface of the mocn

undergoes a rapid fluctuation due to libration. Since the lunar libration rate

changes continuously throughocut the orbit, a statistical description of the

amplitude record obtained at one particular time, is therefore, only velid for
one portion of the orbit.

Radar data are usually acquired at equally spaced time intervals which are

dependent upon the pulse repetition frequency of the transmitted signal. The

autocorrelation function for this fom of a discrete time series can be computed jﬂ
’ ,
by t rl
ri-rh ‘! J
il . Z Y4 (E-6) A
n-rh
i=o0

where ¥ , X _,
o’ " b4

is the time series, and r = (.1 ... m where ph <1, The lag

interval A+ = h &t for an integer h> o where At 5 time interval betweel

——

ad jacent values.

o
S

The computation of the power density spe  trum can be reprase:

1 by
i m-1 Jr(
V(r) = O [ ¥(0) + 2 T ¥(1) Cos ym + W¥m) Cos rnm } (E-T) \.j{
= " i
where V(r) is the raw estimete of the smooin. vnower density at the nc:inal 7

",

A\

frequency r/(2 m &t).

v,
B
P
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